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Abstract. Eﬀects of Fe and Co addition on the magnetoresistance MR were inves-
tigated in sputtered Ni-Mn-Ga-M (M = Fe, Co) ﬁlms. With increasingM content,
magnetization σ enhanced for M = Fe, while it reduced for M = Co. At 300K,
absolute MR value at 1.5T |MR|1.5 was about 1%. The value of |MR|1.5 was found
to be decreased with increasing M = Fe content. In the case of M = Co, |MR|1.5
increased with M content. |MR|1.5 of the ﬁlm containing Co 1.6 at.% showed a
maximum value of 2.5% at 355K in the vicinity of the Curie temperature TC. An
origin of MR behavior in the present ﬁlms was suggested to be explained by a s-d
scattering model.
1 Introduction
Ni2MnGa-type ferromagnetic shape memory alloy is one of the most promising candidates
for smart systems. Ferromagnetic shape memory alloys exhibit both thermoelastic martensitic
transformation and ferromagnetic ordering, which is associated with magnetomechanical cou-
pling such as the magnetic shape memory eﬀect [1–4]. Intrinsic brittleness of bulk Ni2MnGa
Heusler alloy, however, is disadvantageous for practical applications. Ohtsuka et al. succeeded
to obtain free-standing Ni2MnGa ferromagnetic shape memory ﬁlms using a sputtering method
[5,6]. Therefore, thin ﬁlm formation of Ni2MnGa alloys is especially eﬀective for the microsys-
tem application. An application of the Ni2MnGa alloy ﬁlms as a prototype of a micro-actuator
was proposed by Kohl et al. [7].
It has been shown that Ni2MnGa alloys exhibit negative MR eﬀect [8–15]. Biswas et al.
reported that bulk Ni2+xMn1−xGa (x = 0, 0.1) polycrystals showed a MR value of −5% for
magnetic ﬁeld H = 8T at T = 300K [13]. Melt-spun Ni50Mn8Fe17Ga25 ribbons shows a MR of
−9% for H = 5T at 136K, which is between before start of reverse martensitic transformation
and end of one [14]. Sputtered Ni53.5Mn23.8Ga22.7/Al2O3 ﬁlms showed a MR of −1.6% for
H = 1.6T and T = 297K [15]. These MR properties of the Ni2MnGa alloy are of interest in
view of an application to the smart materials.
There are several reports on the magnetic properties, magnetic transition, and martensitic
transformation temperatures in bulk and ﬁlm specimens of Ni-Mn-Ga-M (M = Fe, Co) alloys
[16–20]. Addition of 3d transition elements such as Fe and Co to the Ni-Mn-Ga alloys has a
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potential to expand the operating range owing to the increase of Curie temperature. Recently,
we found that the heat-treated Ni-Mn-Ga-Fe sputtered ﬁlms with Heusler-type crystal structure
exhibited both negative MR and a ﬁeld-induced shape memory eﬀect above 300K [21,22]. The
value of |MR|15 was decreased with increasing Fe content of the ﬁlm [21]. However, MR property
in the Ni-Mn-Ga ﬁlms containing Co has not been understood well. We thus made a systematic
study of these ﬁlms. In this paper, we compare the results of MR property in Co-containing
Ni-Mn-Ga ﬁlms with those in Fe-containing ones.
2 Experimental
The Ni-Mn-Ga-M (M = Fe, Co) ﬁlms were deposited on a poly-vinyl alcohol (PVA) substrate
using a dual (rf and dc) magnetron sputtering technique (Shibaura, CFS-4ES). For the
ﬁlms with M = Fe, a ternary alloy target Ni51.0Mn26.0Ga23.0 (N51) was used, while Ni52.0
Mn24.0Ga24.0 (N52) target was used for the M = Co ﬁlm. M content of these ﬁlms was con-
trolled by adjusting a dc sputtering power of Fe or Co target. The thickness of the ﬁlm was
about 5µm. After removing the PVA substrate, we fastened the ﬁlms onto Al2O3 plates and
heat-treated at 1073K for 1 h in vacuum. Then, they were constrained in a fused silica tube
with an inner diameter of 4mm and aged at 673K for 1 h in an Ar gas ﬂow. The compositions
of the constraint-aged ﬁlms was analyzed by an inductively-coupled plasma (ICP) spectrometer
(Perkin-Elmer, Optima3300). The crystal structures of these ﬁlms were identiﬁed using X-ray
diﬀractometer (Rigaku RINT2000) with Cu-Kα radiation at room temperature.
MR and magnetization were measured at ﬁxed temperatures between 77 and 450K as a
function of magnetic ﬁelds of up to H = ±1.5T by using four-point probe and vibrating sample
method, respectively. Martensitic transformation and Curie temperatures were determined from
electrical resistance and thermomagnetic curves, respectively. The thermomagnetic curves were
measured in the ﬁeld of H = 0.05T.
3 Results and discussion
3.1 Composition and crystal structure
The compositions of the heat-treated ﬁlms containingM = Fe orM = Co are listed in Table 1.
We found that the content of Fe and Co in the heat-treated ﬁlms increased linearly with
increasing dc sputtering power for each metal target. Hereafter, we denote a sample with the
target name and the M content. For example, ‘N51Fe2.9’ is the sample deposited using N51
target, containing 2.9 at.% Fe. From X-ray diﬀraction measurements (XRD), we conﬁrmed that
the ﬁlms with 0–4.5 at.% Fe and 0–6.8 at.% Co content were a martensite phase, with the body
centered tetragonal (bct) and seven-layered modulated structure (14M) at room temperature.
XRD peaks of the γ phase (fcc type) Ni-Fe system was observed in the N51Fe9.3 sample.
Unknown peaks were observed for the Co composition more than 5.1 at.%. It is suggested from
these results that a solid solution is formed in the ﬁlms with less than 9.3 at.% Fe and 5.1 at.%
Co. These characteristics of the ﬁlms have been shown in detail elsewhere [19,20,22].
3.2 Transformation and transition temperatures
A typical result of resistance R and magnetization σ as a function of temperature is shown
in ﬁgure 1 for N51Fe2.9 ﬁlm. The rapid change of R between 320K and 350K is owing to a
martensitic transformation. Using a linear extrapolation of cooling curve of R vs T data for
each temperature region, we determined the starting and ﬁnishing temperature of martensitic
transformation,Ms andMf , respectively. On the other hand, starting and ﬁnishing temperature
of reverse martensitic transformation, As and Af , were determined similarly for the heating
curve of R vs T data. Abrupt decrease of magnetization above about 370K is owing to a
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Table 1. Composition of the heat-treated ﬁlms containing Fe or Co.
Sample at.%Ni at.%Mn at.%Ga at.%Fe at.%Co
N51 53.8 25.0 21.2 0 -
N51Fe2.9 52.2 24.5 20.4 2.9 -
N51Fe4.5 51.3 24.1 20.1 4.5 -
N51Fe6.1 50.4 23.5 20.0 6.1 -
N51Fe9.3 48.6 23.0 19.1 9.3 -
N52 54.0 23.4 22.6 - 0
N52Co1.6 53.7 22.1 22.6 - 1.6
N52Co2.3 53.0 22.4 22.3 - 2.3
N52Co3.4 52.2 22.9 21.5 - 3.4
N52Co5.1 50.9 22.9 21.1 - 5.1
N52Co6.8 50.1 22.4 20.7 - 6.8
Fig. 1. Temperature dependence of resistance R (◦ and
) and magnetization σ (•) for N51Fe2.9 ﬁlm.
Fig. 2. Reverse martensitic transformation tempera-
tures and Curie temperature as a function ofM content.
disappearance of ferromagnetic ordering. The Curie temperature TC was determined to be
378K in this ﬁlm. Reverse martensitic transformation temperatures and Curie temperatures of
the ﬁlms containing Fe or Co are shown in ﬁgure 2. With increasing M content, TC increased
forM = Fe, whereas they showed the maximum value for theM = Co ﬁlms. However, opposite
behavior was observed for reverse martensitic temperatures As and Af . For the ﬁlms with
M = Fe, As and Af decreased with Fe content, whereas they increased rapidly for the M = Co
ﬁlms. It was reported that, in the Ni2MnGa bulk alloys, martensitic transformation temperature
decreased when the Fe atoms were partially substituted for Mn or Ni atoms [16–18]. Partial
substitution of Co for Mn atoms, on the other hand, enhances the martensitic transformation
temperature [18]. Present results for the ﬁlm system are, therefore, consistent with these reports.
The results for the Curie temperatures in the present ﬁlms are also in accordance with the bulk
systems [16–18].
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Fig. 3. Typical MR curve of the N52Co1.6 ﬁlm at 355K.
The direction of magnetic ﬁeld is either parallel (◦) or
perpendicular () to the current direction.
Fig. 4. |MR|1.5 as a function of temperature for the ﬁlms
of N51(◦), N51Fe2.9(), N52(•) and N52Co1.6().
3.3 Magnetoresistance eﬀect
Figure 3 show a typical MR curve of the N52Co1.6 ﬁlm at 355K. The direction of magnetic ﬁeld
(H) was either parallel (i//H) or perpendicular (i ⊥ H) to the current (i) direction. Parallel
direction coincide with the longitudinal direction of rectangular shaped ﬁlms. The value of MR
was deduced using a following relation: ∆R/R(0) = {R(H) − R(0)}/R(0). As seen from this
ﬁgure, MR values do not depend on the relative angle between ﬁeld and current directions
within the experimental error. These negative and isotropic MR behavior was found in all
other ﬁlms, which is consistent with the previous reports [8–15]. It should be noted that the
ﬁeld derivative of MR is still large at 1.5T, in contrast with the magnetization curve which
almost saturates below 1.5T. As shown in ﬁgure 3, the magnitude of MR at 1.5T, hereafter
denoted as |MR|1.5, in the N52Co1.6 ﬁlm is 2.5% at 355K, which is about twice larger than
those reported in previous papers [8–15].
Figure 4 shows the |MR|1.5 as a function of temperature for the ﬁlms of N51, N51Fe2.9.,
N52, and N52Co1.6. All the ﬁlms shown exhibit a maximum behavior of |MR|1.5 with the Tmax
between 340K and 380K. We plotted in ﬁgure 5(a) the Tmax, together with TC, as a function of
ranging M content. Both TC and Tmax exhibit a broad maximum around M content 1.6 at.%
for the ﬁlms with M = Co. In order to check the correlation between TC and Tmax, we plotted
Tmax as a function of TC in ﬁgure 5(b). It is clear that there exists a linear correlation between
the two characteristic temperatures increasing the M = Fe ﬁlms. Such a behavior in the MR
is very similar to that found in Ni2MnGe epitaxial ﬁlm and bulk Ni2+xMn1−xGa alloys [9,13].
Biswas et al. [13] pointed out that the origin of appearance of large MR value near and below
TC can be explained by a modiﬁed s-d scattering model [23]. Therefore, it is considered that
our result bears out their report.
M -content dependence of σ and |MR|1.5 is shown in ﬁgure 6(a) and (b). With increasingM
content, σ enhanced for M = Fe, while it reduced for M = Co. The value of |MR|1.5 was found
to be decreased with increasing Fe content, while |MR|1.5 enhanced with increasing Co content.
In order to understand such an opposite behavior in Fe- and Co-containing ﬁlms, we plotted in
ﬁgure 6(c), |MR|1.5 against σ. From this ﬁgure, all the data points appear to be on the same
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Fig. 5. (a) Tmax and TC as a function ofM content. (b) Tmax versus TC for the ﬁlms containingM = Fe
and M = Co.
Fig. 6. (a) σ and (b) |MR|1.5 as a function of M content. (c) |MR|1.5versus σ for the ﬁlms containing
M = Fe and M = Co.
straight line within the error. It is considered that the increase/decrease of magnetization caused
by Fe/Co substitution would be related to the reduction/enhancement of spin disordering. On
the other hand, MR value strongly depend on the spin scattering. Therefore, |MR|1.5 value
increased with decreasing magnetization. These consideration is consistent with s-d scattering
model based on s conduction electrons are scattered by localized d spins. [23].
4 Conclusions
In summary, we have shown that Ni-Mn-Ga-M (M = Fe, Co) ﬁlms showed the isotropic large
negative MR at various temperature. According to our results, an origin of MR behavior in the
present ﬁlms was suggested to be explained by a s-d scattering model.
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